INTRODUCTION {#S1}
============

Somatic stem cells reside in complex niches and are important for tissue homeostasis and repair. Understanding the diversity of cell types in adult stem cell niches is essential for understanding stem cell dynamics and regulation. Neural stem cells reside in specialized niches in the adult mammalian brain, where they generate new neurons and glia throughout life. The ventricular-subventricular zone (V-SVZ), located adjacent to the lateral ventricles, is the largest germinal zone in the adult mouse brain and gives rise to olfactory bulb interneurons, as well as oligodendrocytes and astrocytes ([@R9]). The V-SVZ is located along both the lateral wall, adjacent to the striatum, and the septal wall, next to the septum. Both walls harbor neural stem cells (NSCs) in the adult, although the septal wall has been far less studied. Adult V-SVZ NSCs co-exist in quiescent (qNSC) and actively dividing (aNSC) states ([@R9]). Upon activation, they give rise to transit amplifying cells (TACs), which in turn generate neuroblasts (NBs) that migrate to the olfactory bulb ([@R12]). Although oligodendrocytes and astrocytes are also generated in the adult V-SVZ ([@R39]; [@R44]; [@R46]; [@R59]; [@R71]), their lineage trajectories are less clear. Indeed, the extent to which individual NSCs *in vivo* are multipotent or exhibit lineage commitment to neuronal or glial fates is still unclear.

Adult V-SVZ NSCs are radial cells with many hallmarks of astrocytes ([@R12]). They contact the cerebrospinal fluid in the ventricles at the center of pinwheels formed by ependymal cells and extend a long process to the vasculature ([@R42]; [@R57]; [@R63]). Adult V-SVZ NSCs are set aside during embryogenesis, remaining largely quiescent until adulthood ([@R19]; [@R20]), and reside in a complex microenvironment comprising diverse cell types and local and long-range signals ([@R58]). Importantly, V-SVZ NSCs have a regional identity and give rise to specific subtypes of olfactory bulb interneurons or glia depending on their spatial location ([@R9]; [@R15]). Moreover, spatially distinct pools of adult V-SVZ NSCs can be regulated by physiological states and distant neural circuits ([@R49]), highlighting the importance of regional differences between the lateral and septal walls regarding intrinsic NSC identity, as well as for niche signals in regulating stem cell behavior.

Single-cell RNA sequencing is a powerful approach to dissect cellular heterogeneity. Previous single-cell studies using low-throughput approaches have begun to illuminate the stages of qNSC activation in the adult V-SVZ ([@R4]; [@R13]; [@R30]; [@R33]), focusing on NSCs purified by fluorescence-activated cell sorting (FACS) from the lateral wall and the neuronal lineage. However, the diversity of V-SVZ NSCs and niche compartments that support NSC self-renewal and differentiation require single-cell analysis of thousands of cells to dissect V-SVZ complexity. Importantly, no studies have examined the septal V-SVZ or sex differences in the V-SVZ. Here, we performed large-scale, single-cell profiling of all V-SVZ cell types in the lateral wall and in the septal wall of male and female adult mice without cell sorting and identify cell subtypes in V-SVZ stem cell lineages and niche cells. We uncover regional differences between the lateral and septal walls as well as some sex differences and identify markers and transcription factor modules underlying neurogenic and oligodendrogenic lineage potency and differentiation.

RESULTS {#S2}
=======

Comparison of Lateral and Septal Adult V-SVZ by Large-Scale Single-Cell Profiling {#S3}
---------------------------------------------------------------------------------

To elucidate regional differences and molecular heterogeneity among adult V-SVZ NSCs and niche cell types, we performed large-scale single-cell profiling of \>41,000 bulk V-SVZ cells from separately dissected lateral and septal walls from adult male and female mice ([Figures 1A and 1B](#F1){ref-type="fig"}). This approach allowed us to capture stem cells and their progeny at each stage of differentiation, as well as niche cells. Importantly, individual cells were randomly sampled without cell sorting to maximally preserve *in vivo* composition. An automated microwell-array-based platform was used to capture and simultaneously profile thousands of single cells from each sample ([@R6]; [@R73]; [Figure 1A](#F1){ref-type="fig"}). Following cell lysis and mRNA capture on commercially available barcoded mRNA capture beads ([@R34]), on-chip reverse transcription labeled cDNA product from each cell with a unique barcode sequence. We obtained more than 41,000 raw single-cell RNA sequencing (RNA-seq) profiles from two biological replicates of each sample after removal of cell doublets and red blood cells. Importantly, cell clusters contained contributions from each sample and replicate with similar molecular capture rates in all samples ([Figures S1C--S1E](#SD1){ref-type="supplementary-material"}). We used Louvain community detection as implemented by phenograph ([@R29]) to identify molecularly distinct cell clusters in an unsupervised manner ([Figures S1A and S1B](#SD1){ref-type="supplementary-material"}), and t-distributed stochastic neighbor embedding (t-SNE) ([@R66]) and force directed graphs for data visualization. To avoid over-interpretation of small compositional differences potentially due to differential sampling, we focused on compositional differences in cell types with more than 800 cells in the follow-up orthogonal validation experiments.

Major Cell Types in the Adult V-SVZ {#S4}
-----------------------------------

To identify the major cell types in the adult V-SVZ, we performed unsupervised clustering. The major tissue-resident cell types in the combined dataset comprised astrocytes, neuronal progenitors (aNSCs, TACs, and NBs), oligodendrocyte progenitor cells (OPCs), committed oligodendrocyte precursors (COPs), oligodendrocytes, microglia, neurons, ependymal cells, endothelial cells, mural cells (pericytes and vascular smooth muscle cells), and fibroblasts ([Figures 1B and 1C](#F1){ref-type="fig"}). We also detected a small cluster of cells, which are either circulating or resident T lymphocytes. Binomial specificity analyses identified pervasive and specific markers for each cell type (Figures [1C](#F1){ref-type="fig"} and [S1A](#SD1){ref-type="supplementary-material"}). We used this large-scale dataset to explore regional differences in neurogenesis and gliogenesis between lateral and septal walls in males and females and to define molecularly distinct subclusters of V-SVZ cell types, including niche cells, as outlined in the next sections.

Niche cells are important regulators of V-SVZ stem cells and their progeny. To resolve molecularly distinct subpopulations, we performed clustering and expression specificity analysis on major niche cell types (microglia, neurons, endothelial cells, and mural cells). Among the microglial cell cluster (5,525 cells total from two biological replicates), we identified two microglial subtypes with distinct transcriptional signatures (microglia A and microglia B; [Figure 1E](#F1){ref-type="fig"}), likely representing surveying (ramified) and activated states of microglia ([@R17]; [@R45]). Both Micro.A and Micro.B expressed microglia markers *Tmem119*, *Aif1*, and *Cx3cr1*, whereas Micro.B was also enriched in immediate early transcription factors as well as pro-inflammatory chemokines (e.g., *Ccl3* and *Ccl4*; [@R17]; [@R37]; [@R38]; [Figure 1E](#F1){ref-type="fig"}; [Table S1](#SD2){ref-type="supplementary-material"}). Microglial branching morphology decreases during activation ([@R24]). To visualize V-SVZ microglia *in vivo*, we performed immunostaining for Iba1 and quantified ramified and unramified microglia in the lateral and septal walls of the V-SVZ in male and female mice. Overall, microglia were more enriched in the lateral wall ([Figure S1H](#SD1){ref-type="supplementary-material"}). Moreover, the V-SVZ contained predominantly unramified microglia ([Figures S1F and S1H](#SD1){ref-type="supplementary-material"}), as previously reported ([@R51]), although ramified microglia were also present (Figures S1G and S1H). As V-SVZ microglia are important for the migration and the survival of neural progenitors ([@R51]), our data showing microglia enrichment in the lateral wall are consistent with higher levels of neuronal line-age progenitors in the lateral wall over the septal wall (Figures [1B](#F1){ref-type="fig"}, [3A, and 3B](#F3){ref-type="fig"}).

Resident neurons and long-range innervation provide neuro-transmitters that regulate adult NSCs and their progeny ([@R22]; [@R72]). We detected three major neuronal subclusters in our datasets (3,202 cells; [Figure 1E](#F1){ref-type="fig"}; [Table S1](#SD2){ref-type="supplementary-material"}), including one enriched in *Chat* (Neuron 3), which may include ChAT+ local neurons that regulate V-SVZ cells ([@R48]). In addition, we detected multiple vascular cell types, which are key niche cells in the V-SVZ ([@R47]). Subclustering of the endothelial cluster (1,774 cells) revealed three distinct endothelial subtypes ([Figure 1E](#F1){ref-type="fig"}; [Table S1](#SD2){ref-type="supplementary-material"}). Based on marker gene enrichment ([Table S1](#SD2){ref-type="supplementary-material"}), Endo.1 may correspond to endothelial capillary cells, Endo.2 to venous endothelial cells, and Endo.3 to arterial endothelial cells ([@R67]). Finally, in the mural cell and fibro-blast cluster (958 cells), we detected three major cell types---pericytes, vascular smooth muscle cells, and fibroblasts expressing *Dcn* and *Col1a1* ([@R67]; [Figure 1E](#F1){ref-type="fig"}; [Table S1](#SD2){ref-type="supplementary-material"}).

Astrocyte Subclusters Have Regional Distribution in the Adult V-SVZ {#S5}
-------------------------------------------------------------------

V-SVZ NSCs exhibit hallmark features of astrocytes. To dissect V-SVZ astrocyte heterogeneity, we performed clustering analysis on all astrocyte and ependymal cell clusters (14,762 cells). We identified five major subclusters of astrocytes, which were clearly distinct from ependymal cells ([Figure 2A](#F2){ref-type="fig"}; [Table S2](#SD3){ref-type="supplementary-material"}). Using gene set enrichment analysis (GSEA), we further validated their classification as astrocytes and ependymal cells by comparing them to third ventricle astrocyte and ependymal gene sets from a large single-cell dataset from the murine third ventricle ([@R8]; [@R61]; [Figure S2A](#SD1){ref-type="supplementary-material"}). All astrocyte subclusters, except Astro.2, were enriched in third ventricle astrocyte gene sets. In contrast, Astro.2 was depleted for astrocyte gene sets and enriched for "tanycyte 2" markers ([@R8]; [Figure S2A](#SD1){ref-type="supplementary-material"}). In addition, genes upregulated in different injury paradigms were differentially enriched in distinct astrocyte subclusters with the highest enrichment in ependymal cells ([Figure S2D](#SD1){ref-type="supplementary-material"}; [@R30]; [@R74]).

Interestingly, V-SVZ astrocyte subclusters were differentially distributed in the lateral and septal preparations ([Figures 2A and 2B](#F2){ref-type="fig"}). Astro.1 was more abundant in samples of lateral wall, whereas Astro.3 and Astro.5 were more abundant in those from the septal wall. In contrast, Astro.2 and Astro.4 were more evenly distributed in both lateral and septal walls. Binomial specificity analysis revealed molecular markers enriched in astrocyte subclusters (Figures [2B](#F2){ref-type="fig"} and [S3A](#SD1){ref-type="supplementary-material"}; [Table S2](#SD3){ref-type="supplementary-material"}), including transcription factors, which demarcate different spatial domains in the V-SVZ, or involved in activation of quiescent NSCs ([@R26]; [@R31]; [@R40], [@R41]; [@R52]; [@R65]). Astro.1 was enriched in *Crym*, *Prss56*, and *Id2*; Astro.2 *Notum*, *Sfrp1*, *Igfbp5*, *S100a6*, *Thbs4*, and *Ascl1*; Astro.3 *Hopx* and *Zic* family genes; and Astro.5 *Agt*, *Gli1*, *Itih3*, and *Nkx6--2* (Figures [2B](#F2){ref-type="fig"} and [S3A](#SD1){ref-type="supplementary-material"}; [Table S2](#SD3){ref-type="supplementary-material"}). Although *Gsx2*, *Pax6*, and *Lhx2* were more uniformly expressed across multiple astrocyte subclusters, they were depleted in Astro.5 (Figures [2B](#F2){ref-type="fig"} and [S3A](#SD1){ref-type="supplementary-material"}; [Table S2](#SD3){ref-type="supplementary-material"}).

We performed RNAscope to validate the expression patterns of selected genes in astrocyte subclusters. *Crym* (Astro.1) was highly enriched in the lateral V-SVZ and striatum (Figures [2D, 2E](#F2){ref-type="fig"}, [S3B, and S3D](#SD1){ref-type="supplementary-material"}) in contrast to *Hopx*, *Zic1*, and *Zic2* (Astro.3), which were predominantly localized in the V-SVZ septal wall and septum (Figures [2D, 2I, 2J](#F2){ref-type="fig"}, [S3B, S3E, and S3F](#SD1){ref-type="supplementary-material"}), confirming that Astro.1 and Astro.3 are enriched in the lateral and septal wall, respectively. Interestingly, Astro.2 was enriched in genes predominantly localized to the V-SVZ, such as *Notum*, *S100a6*, and *Ascl1* (Figures [2E--2H](#F2){ref-type="fig"}, [S3C, S3D, and S3G](#SD1){ref-type="supplementary-material"}). Importantly, RNAscope analysis also revealed that, within the V-SVZ itself, some genes exhibited regional differences along the dorsoventral axis. *Notum* (Astro.2) was enriched in the ventral as compared to dorsal V-SVZ (Figures [2F, 2G](#F2){ref-type="fig"}, and [S3C](#SD1){ref-type="supplementary-material"}), and *Zic1* and *Zic2* (Astro.3) were enriched in the dorsal septal wall and septum at rostral levels (Figures [2J](#F2){ref-type="fig"} and [S3E](#SD1){ref-type="supplementary-material"}), highlighting smaller domains of V-SVZ astrocytes with different molecular identities within larger regions of the V-SVZ.

The distribution of astrocyte subclusters showed clear regional patterns, but not major compositional sex differences. However, comparison of male and female lateral and septal wall astrocytes at the gene expression level highlighted many differentially expressed genes between walls and sexes, including transcription factors and receptors ([Table S3](#SD4){ref-type="supplementary-material"}). Using GSEA, we identified Gene Ontology gene sets preferentially associated with lateral or septal V-SVZ and sex ([Figure 2C](#F2){ref-type="fig"}; [Table S3](#SD4){ref-type="supplementary-material"}). Several molecular and metabolic processes important for stem cell self-renewal, maintenance, and proliferation, such as Fgfr and Notch signaling and oxidative phosphorylation, showed lateral wall and male enrichment ([@R14]; [@R23]; [@R30]; [@R76]). Wnt and Smoothened signaling, as well as primary cilium pathways ([@R1]; [@R2]; [@R21]), were up-regulated in male lateral and female septal samples. In contrast, G-protein coupled receptor (GPCR) signaling associated with NSC quiescence ([@R10]) was enriched in the male septal wall ([Figure 2C](#F2){ref-type="fig"}; [Table S3](#SD4){ref-type="supplementary-material"}). Interestingly, female astrocytes were enriched in neurotransmitter receptor activity and ion channel pathways. Lastly, non-coding RNA processing and RNA splicing showed lateral wall enrichment, consistent with the importance of non-coding RNAs in V-SVZ neurogenesis ([@R50]; [Figure 2C](#F2){ref-type="fig"}; [Table S3](#SD4){ref-type="supplementary-material"}). In sum, the lateral and septal walls have different V-SVZ astrocyte compositions, which exhibit significant regional and sex differences at the gene expression level.

Adult V-SVZ Lateral Wall Is More Proliferative and Neurogenic Than the Septal Wall {#S6}
----------------------------------------------------------------------------------

Our large-scale single-cell profiling of the adult V-SVZ from regionally dissected walls allowed us to compare neurogenesis and gliogenesis in the septal and lateral walls. We first focused on the neuronal lineage. Lineage trajectories generated using all astrocyte and neuronal progenitor clusters revealed that non-dividing astrocytes were connected to aNSCs via a narrow path of activation representing transitional cells ([Figure 3A](#F3){ref-type="fig"}). These transitional cells clustered with Astro.2 and were in a continuous trajectory that progressed via two sequential stages of aNSCs (aNSC1 and aNSC2/TAC) to neuroblasts, suggesting a key role for Astro.2 in NSC activation ([Figure 3A](#F3){ref-type="fig"}). GSEA revealed a clear correspondence between our neuronal lineage trajectory and previously published studies with lower throughput ([Figures S2B and S2C](#SD1){ref-type="supplementary-material"}; [@R13]; [@R30]). Interestingly, expression of proliferation markers (e.g., *mKi67*, *Mcm2*, and *Top2a*) in the neuronal lineage peaked in aNSC1s, aNSC2s, and TACs and decreased in *Dcx*+ NBs ([Figure 3C](#F3){ref-type="fig"}; [Table S2](#SD3){ref-type="supplementary-material"}). Moreover, transition cells upregulated *Ascl1* and *Egfr* prior to canonical cell cycle genes (e.g., *mKi67*, *Mcm2*, and *Top2a*), revealing that stem cell activation and cell proliferation can be uncoupled ([Figure 3C](#F3){ref-type="fig"}). Importantly, activated neuronal progenitors and NBs were more enriched in the lateral wall than the septal wall ([Figures 3A and 3B](#F3){ref-type="fig"}). We confirmed *in vivo* that the septal wall has fewer dividing cells and NBs than the lateral wall, except at rostral levels of the V-SVZ, by immunostaining and quantification for Ki67 and doublecortin (DCX) (Figures [3D, 3E](#F3){ref-type="fig"}, and [S4A--S4C](#SD1){ref-type="supplementary-material"}).

To investigate the transcriptional regulatory steps defining neuronal lineage differentiation, we calculated the co-expression probability ratios for each transcription factor (TF) expressed in the neuronal lineage in individual cells and isolated TFs forming significant clusters ([Figure S5A](#SD1){ref-type="supplementary-material"}; [Table S4](#SD5){ref-type="supplementary-material"}) to identify TF co-expression modules and TFs with mutually exclusive expression profiles. Plotting the average expression of the modules across each cell and its nearest neighbors on force-directed graphs revealed TF modules with distinct distributions along the neuronal lineage trajectory (Figures [3F](#F3){ref-type="fig"} and [S5A](#SD1){ref-type="supplementary-material"}; [Table S4](#SD5){ref-type="supplementary-material"}). In addition to the classical markers of neuronal progenitor (NPC) regulation (e.g., *Ascl1*, *Dlx2*, and *Sp8*), the neuronal lineage modules included TFs implicated in cell proliferation and differentiation of stem cells in various tissues (e.g., *Phf5a* and *Bcl11a*) and of cancer stem cells (e.g., *Hdgf* and *Ybx1*; [@R16]; [@R32]; [@R60]; [@R75]) as well as TF co-expression modules in astrocyte subtypes (e.g., *Hopx*-*Etv4*, *Gli1*-*Gli3*, and *Nr1d1-Id3*). This multi-step progression reveals an unappreciated intricacy in neuronal lineage differentiation downstream of qNSC to aNSC transition and TF co-expression profiles that target transcriptionally discrete stages of NSC differentiation.

Oligodendrocyte Progenitors Are Enriched in the Male Septal Wall {#S7}
----------------------------------------------------------------

Little is known about oligodendrocyte lineage progression in the adult V-SVZ and whether there are regional differences between lateral and septal walls. To address this, we first performed clustering analyses on oligodendrocyte lineage cells, revealing cell types at different stages of oligodendrocyte differentiation corresponding to OPCs, COPs, newly formed and myelin-forming oligodendrocytes (NFOL/MFOLs), and mature oligodendrocytes (MOLs). We next generated a force-directed visualization of the oligodendrocyte lineage k-nearest neighbors graph to define their lineage order ([Figure 4A](#F4){ref-type="fig"}), which recapitulated the predicted lineage order previously reported from single cell RNA (scRNA)-seq profiles of oligodendrocyte differentiation ([@R36]; [Figure S2E](#SD1){ref-type="supplementary-material"}).

To investigate whether neuronal and oligodendrocyte line-ages are related in the adult V-SVZ, we combined neuronal and oligodendrocyte lineage trajectories with V-SVZ astrocytes ([Video S1](#SD7){ref-type="supplementary-material"}; Figures [4E](#F4){ref-type="fig"} and [S4D](#SD1){ref-type="supplementary-material"}). Importantly, astrocyte clusters exhibit different connectivity within the trajectory. For example, Astro.2 is connected to both OPCs and neuronal progenitors, whereas Astro.3, which is enriched in the septal wall, is connected only with OPCs ([Video S1](#SD7){ref-type="supplementary-material"}). Interestingly, oligodendrocyte progenitors were also connected to aNSCs in the neuronal trajectory, supporting a model for two lineages of oligodendrocytes.

Unexpectedly, the most prominent sex difference we detected in the V-SVZ was among oligodendrocyte progenitors. OPCs and COPs were significantly enriched in the septal wall over the lateral wall in both sexes, with OPCs more enriched in males as compared to females ([Figures 4A and 4B](#F4){ref-type="fig"}). To independently validate this finding *in vivo*, we performed immunostaining for NG2, an OPC marker, and quantified OPCs in the septal and lateral V-SVZ in both sexes. This confirmed that OPCs were enriched in the septal V-SVZ and, furthermore, that they were more abundant in the septal V-SVZ in males than in females ([Figures 4C and 4D](#F4){ref-type="fig"}). In sum, the higher number of neuronal lineage progenitors in the lateral wall, in contrast to the enrichment of oligodendrocyte progenitors in the septal wall, point to important regional differences in the V-SVZ regarding neurogenesis and gliogenesis ([Figure S4E](#SD1){ref-type="supplementary-material"}).

Finally, to investigate the transcriptional regulatory steps defining oligodendrocyte lineage progression, we analyzed TF co-expression modules in each cell in the oligodendrocyte line-age trajectory. We identified TF regulatory modules that exhibit sequential progression along the oligodendrocyte lineage (Figures [4F](#F4){ref-type="fig"} and [S5B](#SD1){ref-type="supplementary-material"}; [Table S4](#SD5){ref-type="supplementary-material"}). These previously uncharacterized temporal modules comprised oligodendrocyte lineage progression TFs (e.g., *Kcnip3*, *Olig2*, *Sox2*, and *Klf9*; [@R35]; [@R36]; [@R64]; [@R70]) and co-expression partners (e.g., *Hes5*, *Eno1*, *Sox21*, *Purb*, *Zfp275*, *Foxj2*, *Zeb2*, *Tsc22d3*, and *Hopx*; [Figure 4F](#F4){ref-type="fig"}). Among these, Sox2 and Sox21 interaction are regulators of pluripotency and human glioma progression ([@R7]; [@R27]).

Functional Classification of Non-dividing V-SVZ Stem Cells {#S8}
----------------------------------------------------------

An important open question is whether individual cells are multi-potent or whether they exhibit commitment to neuronal or glial fates. We therefore examined whether V-SVZ astrocytes have neuronal or oligodendrocyte lineage potential at the single-cell level and whether this is enriched in the lateral or septal wall. To functionally classify the large astrocyte cluster in an unbiased manner, we calculated the correlation between scRNA-seq profiles of individual non-dividing astrocytes with aNSC1s (NPC Corr.) and OPCs (OPC Corr.) ([STAR Methods](#S10){ref-type="sec"}). Only a modest number of cells in the astrocyte cluster were highly correlated with NPCs and/or OPCs but were present in each astrocyte sub-cluster ([Figure 5A](#F5){ref-type="fig"}). Consistent with the putative lineage order in the force-directed graphs (Figures [3A](#F3){ref-type="fig"} and [4E](#F4){ref-type="fig"}), the Astro.2 population showed highest correlation with both NPCs and OPCs, although the septal V-SVZ-enriched Astro.3 was correlated with OPCs only ([Figure 5A](#F5){ref-type="fig"}), in line with the higher proportion of OPCs in the septal wall ([Figures 4B and 4C](#F4){ref-type="fig"}).

Next, we performed a gene level analysis to rank astrocyte genes based on their lineage potency (see [STAR Methods](#S10){ref-type="sec"}), which revealed different correlation patterns with NPC and/or OPC potency ([Table S5](#SD6){ref-type="supplementary-material"}). Many NPC-correlated genes ([Table S5](#SD6){ref-type="supplementary-material"}) also had high correlation with OPCs ([Table S5](#SD6){ref-type="supplementary-material"}), indicating shared molecular mechanisms of potency. Top markers that correlated with both NPCs and OPCs included *S100a6*, *Notum*, *Dbi*, and *Sfrp1*, as well as known V-SVZ qNSC activation and injury-response markers, such as *Ascl1*, *Vim*, *Thbs4*, and *Rpl32* ([@R5]; [@R13]; [@R30]; [Figure 5B](#F5){ref-type="fig"}). Some markers were correlated only with NPCs (e.g., *Stmn1*) or OPCs (e.g., *Cspg5* and *Dkk3*; [Table S5](#SD6){ref-type="supplementary-material"}); moreover, our analysis also revealed anti-correlated markers, including classical astrocyte markers, such as *Gja1*, *Slc1a3*, and *Sparcl1*. As almost all V-SVZ astrocytes are *Slc1a3*+, the level of expression of these pan-astrocyte genes (e.g., *Gja1* and *Slc1a3*) at the single-cell level may be important to assess the lineage potency of an individual astrocyte ([Figure 5B](#F5){ref-type="fig"}). Finally, among known markers expressed by adult V-SVZ NSCs, aNSC markers were correlated with NPCs and OPCs (*Ascl1*, *Nes*, and *Gsx2*), whereas qNSC-enriched genes (*Vcam1*, *Cdh2*, *Nr2e1*, *S1pr1*, and *Hes5*) were not ([Figure S5C](#SD1){ref-type="supplementary-material"}). Together, our analysis identifies markers correlated with NPC and/or OPC potency and allows the ranking of previously proposed markers in terms of their lineage potency.

To gain insight into the spatial distribution of cells expressing NPC and/or OPC-correlated and anti-correlated markers, we used Allen Mouse Brain Atlas ISH data ([@R28]). Consistent with their high ranking in the lineage potency analysis, *Dbi*, *Cpe*, *Igfbp5*, *Vim*, *Marcksl1*, *Sfrp1*, *Anxa2*, and *Dkk3* transcripts showed high enrichment in V-SVZ, including various regional distributions along the dorsal-ventral and rostro-caudal axis ([Figure 5C](#F5){ref-type="fig"}). In contrast, highly NPC and OPC anti-correlated astrocyte markers, such as *Gja1*, showed high expression in both the V-SVZ and adjacent parenchymal cells and *Itih3* was more enriched in non-SVZ cells ([Figure 5C](#F5){ref-type="fig"}). These ISH patterns indicate the significance of V-SVZ enrichment in selecting salient markers for lineage potency.

Finally, when lineage potencies of non-dividing astrocytes were compared separately by wall and by sex, NPC- associated genes were enriched in lateral wall astrocytes and OPC-associated genes in septal wall astrocytes ([Figure 5D](#F5){ref-type="fig"}; [Table S5](#SD6){ref-type="supplementary-material"}), consistent with the quantitative differences in NPCs or OPCs in these regions. Interestingly, several NPC and/or OPC-correlated genes also showed clear regional bias, such as *Mt1* or *Mt3*, which were strong markers of lineage potency in septal astrocytes but did not correlate with either lineage in lateral astrocytes ([Figure 5D](#F5){ref-type="fig"}). Similarly, we detected several genes with high correlation variability that depend on sex in male versus female comparisons, such as *Igfbp2*, *Slco1c1*, and *Mfap2*, further supporting male and female V-SVZ astrocyte functional gene expression level differences ([Figure 5D](#F5){ref-type="fig"}; [Table S5](#SD6){ref-type="supplementary-material"}).

DISCUSSION {#S9}
==========

We performed large-scale, single-cell profiling to characterize the complexity of the adult V-SVZ NSC stem cell niche as well as regional differences between the lateral and septal walls. We identified the major V-SVZ cell types, including molecularly distinct subtypes. Our analysis revealed that lateral and septal walls have different lineage biases toward neuronal or glial fate at the single-cell level and exhibit some sex differences. Furthermore, we identified single-cell-level transcription factor co-expression modules in neurogenesis and oligodendrogenesis that track the transcriptional progression of these lineages with high resolution.

The V-SVZ exhibits regional and cell type heterogeneity at multiple scales: anatomical (different walls of the ventricle), large spatial domains within each wall and restricted microdomains that generate specific subtypes of neurons or glia ([@R9]). Although transcriptome analysis in the postnatal V-SVZ has uncovered molecular differences between the dorsal and the lateral walls ([@R3]), all profiling studies in the adult V-SVZ, including recent low-throughput, single-cell studies, have focused only on the lateral wall and the neuronal lineage ([@R4]; [@R10]; [@R13]; [@R30]). These FACS-based studies have provided important initial insight into stem cell quiescence and have highlighted sequential transitions that NSCs undergo during neuronal lineage progression ([@R4]; [@R10]; [@R13]; [@R30]).

Here, we separately profiled cells from the entire lateral and septal wall of male and female adult mice without FACS purification, thereby capturing a broader repertoire of V-SVZ cell types, including cells at multiple stages of differentiation along both the neuronal and oligodendrocyte lineages as well as niche cells. Importantly, this provides unique insight into regional differences in the lateral and septal walls, including the less-explored oligodendrocyte lineage in the adult V-SVZ, and has allowed us to identify transcription factor co-expression modules at the single-cell level, which likely delineate transcriptional regulatory changes occurring during neuronal and oligodendrocyte differentiation.

We detected regional differences in the composition of neuronal and oligodendrocyte progenitors, suggesting that, although both walls can give rise to neurons and glia, the lateral wall is more enriched in neurogenesis and the septal wall in gliogenesis. The most striking sex difference was in OPCs, which were enriched in the septal wall and especially in males. This sex difference may be due to differences in the number and types of stem cells and progenitors in males and females as well as to differences in niche signals. Female and male oligodendrocyte levels and myelination are differentially sensitive to steroids, such as progesterone and dihydrotestosterone ([@R62]). Although the functional consequences of different OPC numbers are unclear, we speculate that adaptive myelination may exhibit sex differences.

Functionally distinct quiescent stem cell pools located in either wall of the V-SVZ may underlie regional compositional differences in progenitor populations, as our cell- and gene-level analyses suggest that lateral and septal wall astrocytes exhibit higher NPC or OPC correlation, respectively. Indeed, spatially distinct pools of NSCs can sense and respond to different local and long-range physiological signals to generate different types of OB interneurons ([@R49]), and V-SVZ NSCs are promptly recruited upon injury or under pathological conditions ([@R9]). In light of our findings, it will be interesting to carefully dissect regional V-SVZ responses to demyelinating insults and other injury paradigms in female and male mice separately in the future and isolate regional dormant cell subtypes that are lineally related to different injury response cells. Indeed, additional layers of heterogeneity among both stem cells and niche cells remain to be resolved. This may require more precise isolation of regional subtypes and optimized protocols to enrich for different cell types. Importantly, our study provides a platform to identify molecularly distinct pools of stem cells under homeostasis, in response to different physiological states, and that are recruited by injury in each sex.

Significant effort has been made to classify V-SVZ NSCs, yielding a handful of markers that also label non-SVZ astrocytes or show high enrichment in other cell types. We identify several lineage potency markers, including signaling molecules with high V-SVZ astrocyte enrichment. These markers exhibited different regional expression patterns within the V-SVZ walls, highlighting additional V-SVZ astrocyte heterogeneity still to be resolved. In addition to significant regional differences, we also found that several key molecular pathways crucial for NSC maintenance, self-renewal, and proliferation were differentially expressed in male versus female astrocytes, indicating differential effects of these cues and signaling pathways on male and female NSCs. In the future, it will be important to characterize regional cellular heterogeneity and sex differences in the adult human V-SVZ, which contains largely quiescent stem cells ([@R53]).

Finally, our large-scale census of regionally dissected adult V-SVZ cells will provide a valuable resource for future functional studies, including identification and regulation of regionally distinct adult V-SVZ neural stem cells, their lineages, and interactions with different niche components. It will be useful for comparative analysis of NSCs in the developing brain and adult subgranular zone neural stem cell niche as well as for comparison with astrocytes, microglia, and vascular cells in different brain regions to probe regional heterogeneity and sex differences

STAR★METHODS {#S10}
============

CONTACT FOR REAGENT AND RESOURCE SHARING {#S11}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Fiona Doetsch (<fiona.doetsch@unibas.ch>).

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S12}
--------------------------------------

### Animals {#S13}

All experiments were performed in accordance with institutional and national guidelines for animal use and approved by IACUC at Columbia University and the cantonal veterinary office of Basel-Stadt. All mice (males and females) were group-housed conventionally with *ad libitum* food and water in 12-h light/12-h dark cycles, and sacrificed at the same time of day. B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J mice (hGFAP::CreERT2) were bred with B6.Cg-*Gt(ROSA)26Sor*^*tm14(CAG-tdTomato)Hze*^/J mice (R26R^CAG-tdTomato^) to generate hGFAP::CreERT2; R26R^CAG-tdTomato^ mice. For single cell analysis, the tissue samples were microdissected from eight to ten week old hGFAP::CreERT2; R26R^CAG-tdTomato^ and R26R^CAG-tdTomato^ female and male mice. Females were in the estrus phase of the estrus cycle. Two biological replicates each were performed for male lateral wall, male septal wall, female lateral wall and female septal wall (Male Lateral Replicate 1: hGFAP::CreERT2; R26RCAG-tdTomato (2 mice); Male Septal Replicate 1: hGFAP:: CreERT2; R26RCAG-tdTomato (2 mice); Female Lateral Replicate 1: hGFAP::CreERT2; R26RCAG-tdTomato (3 mice); Female Septal Replicate 1: hGFAP::CreERT2; R26RCAG-tdTomato (3 mice); Male Lateral Replicate 2: hGFAP::CreERT2; R26RCAG-tdTomato (1 mouse); Male Septal Replicate 2: R26RCAG-tdTomato (3 mice); Female Lateral Replicate 2: hGFAP::CreERT2; R26RCAG-tdTomato (2 mice); Female Septal Replicate 2: hGFAP::CreERT2; R26RCAG-tdTomato (2 mice)).

METHOD DETAILS {#S14}
--------------

### V-SVZ dissection and dissociation {#S15}

Whole-mounts of the lateral and septal walls of the V-SVZ were dissected separately as described ([@R43]). The whole-mount dissections included the entire length of the lateral and septal walls of the V-SVZ, as well as inevitably some adjacent striatal and septal tissue. Dissected whole mounts were minced into small pieces, digested with papain (Worthington, 6 mg per sample, 10 min at 37°C) in PIPES solution \[120 mM NaCl, 5 mM KCl, 20 mM PIPES (Sigma), 0.45% glucose, 1x Antibiotic/Antimycotic (GIBCO), and phenol red (Sigma) in water; pH adjusted to 7.6\] ([@R10]). Digested tissue was triturated to single cells in the presence of ovomucoid (Worthington, 0.7 mg/ml) and DNase (Worthington, 0.5 mg/ml) in DMEM/F12. The single cell suspension was layered on top of 22% Percoll (Sigma) and centrifuged for 10 mins at 4°C without brakes to remove debris and myelin. Cells were washed with 1% BSA/0.1% Glucose/Hank's Balanced Salt Solution by centrifugation at 4°C. The single cell suspension was treated with red blood cell lysis buffer (Sigma) (1:1 dilution) for 1 minute, washed by two rounds of centrifugation (1300 rpm at 4°C) and resuspended in 1X Tris Buffered Saline. Cells were passed through a 40 μm cell strainer (Fisher) to remove any cell clumps before loading, and were stained with Calcein AM live stain dye (Fisher, 1:500) on ice for 15--30 minutes.

### Single cell library preparation and sequencing {#S16}

Single cell capture and reverse transcription (RT) were performed as previously described ([@R73]). Cells were loaded in the microwell devices at a concentration of 600--1000 cells per μl. Cell capture, lysis (2-Mercaptoethanol: Fisher Scientific, Buffer TCL: QIAGEN), and reverse transcription (Maxima H Minus Reverse Transcriptase: ThermoFisher, SUPERaseIN: Thermofisher, Template switch oligo: IDT) were all performed on 150K microwell devices (microwell size: 58 μm diameter, 75 μm height) connected to an automated microfluidics system. The devices were scanned on a fluorescence microscope (Eclipse Ti-U, Nikon) during the RNA capture step, and checked for lysis efficiency. RT reactions were performed on Drop-seq beads (MACOSKO-2011--10, ChemGenes) also captured in the microwells. Beads were collected from the devices and pooled for cDNA amplification step. Prior to PCR, the beads were treated with Exo-I (New England Biolabs). Following PCR (KAPA HotStart ReadyMix, Kapabiosystems), purified cDNA was used as input for Nextera tagmentation reactions. cDNA and library quality was assessed using Qubit and Bioanalyzer (Agilent Technologies). All DNA purification steps were carried out using Ampure XP beads (Beckman). High quality samples were sequenced on a NextSeq 500 sequencer using a 75 cycle High Output Kit (Illumina, 1×75 bp).

### RNA-scope {#S17}

Brains were quick frozen, and stored at 80C. 18 mm coronal sections were cut using the cryostat. Sections were fixed in pre-chilled 4% PFA for 30 min at 4°C, washed rapidly 5 times in PBS, followed by 5 more washes in fresh PBS and dehydrated sequentially in 50% Ethanol, 70% Ethanol, and 100% Ethanol (two times) for 5 minutes each. Sections were processed for FISH using the RNAscope Multiplex Fluorescent Assay Kit (Advanced Cell Diagnostics). Sections were dried for 5 min at room temperature (RT), permeabilized for 20 min at RT using Protease IV solution (Cat No. 322336), washed and maintained in PBS until probe addition. Probes were pre-heated to 40°C, and added to sections in probe solutions for 2hrs at 40°C. Probes targeting *Ascl1* (Cat No. 313291, NM_008553.4*), Crym* (Cat No. 466131-C3, NM_016669.1*), Hopx* (Cat No. 405161, NM_001159900.1*), Zic1* (Cat No. 493121-C3, NM_009573.3), *Zic2* (Cat No. 428211, NM_009574.3), *Notum* (Cat No. 428981, NM_175263.4) and *S100a6* (Cat No. [\#412981,NM_011313.2]{.ul}) were used. Sections were washed 2 times 2 min in RNAscope Wash Buffer, incubated in RNAscope AMP-1 solution for 30 min at 40°C, washed 2 times 2 min in Wash Buffer, incubated in RNAscope AMP-2 solution for 15 min at 40°C, washed 2 times 2 min in Wash Buffer, incubated in RNAscope AMP-3 solution for 30min, washed 2 times 2min in Wash Buffer and incubated in AMP-4-FL solution for 15min, washed 2 times 2 min in Wash Buffer, incubated in DAPI solution for 30 s and mounted with AquaPolymount. Tile scans of the V-SVZ were acquired using an inverted Zeiss Confocal LSM700 and Zen Blue software. For RNA-scope signal intensity quantification, three sections per brain from three male and three female mice were analyzed for each gene using Fiji ([@R55]). RNA-scope signal intensities were normalized to DAPI intensity in the same region of interest to measure the relative abundance of a given gene.

### Immunostaining {#S18}

Adult male and female RjOrl:SWISS mice (2 months old) were transcardially perfused with 0.9% saline and 3.2% paraformaldehyde. Brains were fixed overnight and 20 μm coronal sections cut with a Leica VT1000S vibrating microtome. Brain sections were incubated in blocking solution (PBS with 2% bovine serum albumin (BSA) and 0.2% (Ki67 and DCX) or 0.05% (NG2) Triton X-100) for 60 minutes and then incubated in primary antibodies in blocking solution for 36 hours at 4°C. After washing, sections were revealed with Alexa Fluor-conjugated secondary antibodies (Life Technologies and Jackson ImmunoResearch Laboratories) for 1--2 hours at room temperature, counterstained with 4',6-Diamidino-2-Phenylindole Dihydrochloride (DAPI), (1 μg/ml, 5 minutes, SIGMA D9542) and mounted with FluorSave™ (Millipore corporation). The following primary antibodies were used: anti-rabbit NG2 (Merck AB5320, 1:100), anti-rabbit Iba1 (Wako Cat. \#019--19741, 1:100), anti-rabbit Ki67 (Abcam ab15580, 1:100), anti-goat doublecortin (Santa Cruz (C18): sc-8066, 1:150). Samples were imaged using an inverted LSM 700 confocal (Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS {#S19}
---------------------------------------

### Definition of Significance {#S20}

The term significance was used if the p value was smaller than 0.05. p values are reported in the figures, figure legends, and STAR Methods.

### Single Cell Data Processing {#S21}

As previously described, cell and molecular barcodes are contained in read 1 of our paired-end sequencing data, while all genomic information is contained in read 2 ([@R73]). We trimmed read 2 to remove 3′ polyA tails (\> 7 A's), and discarded fragments with fewer than 24 remaining nucleotides. Trimmed reads were aligned to the *Mus musculus* genome and transcriptome annotation (GRCm38, Gencode annotation vM10) using STAR v.2.5.0 with parameters *--sjdbOverhang 65--twopassMode Basic--outSAMtype BAM Unsorted* ([@R11]*)*. Only reads with unique, strand-specific alignments to exons were kept for further analysis.

We extracted 12-nt cell barcodes (CBs) and 8-nt unique molecular identifies (UMIs) from read 1. Degenerate CBs containing either 'N's or more than four consecutive 'G's were discarded. Synthesis errors, which can result in truncated 11-nt CBs, were corrected similarly to a previously reported method ([@R56]). Briefly, we identified all CBs with at least twenty apparent molecules and for which greater than 90% of UMI-terminal nucleotides were 'T'. These putative truncated CBs were corrected by removing their last nucleotide. This twelfth nucleotide became the new first nucleotide of corresponding UMIs, which were also trimmed of their last ('T') base. We note that one of second replicate experiments was conducted with commercial Drop-seq beads from Chemgenes with a modified structure. A 'V' base was added to the end of the UMI upstream of the poly(T) tail for quality-control purposes. As a result, we adjusted our analytical pipeline to recognize truncated CBs by the presence of excessive 'T' bases one nucleotide downstream of the position used in the previous pipeline.

All reads with the same CB, UMI, and gene mapping were collapsed to represent a single molecule. To correct for sequencing errors in UMI's, we further collapsed UMI's that were within Hamming distance 1 of another UMI with the same barcode and gene. To correct for sequencing errors in cell barcodes, we then collapsed CBs that were within Hamming distance one of another barcode, had at least 20 unique UMI-gene pairs a piece, and had at least 75% overlap of their UMI-gene pairs. Finally, we repeated UMI error correction and collapse using the error-corrected CBs. The remaining barcode-UMI-gene triplets were used to generate a digital gene expression matrix. The number of cells included in each sample was determined based on the inflection point in the cumulative histograms for molecules as previously described ([@R34]; [@R73]).

### Clustering & Differential Expression Analyses {#S22}

For unsupervised clustering, we first calculate k-nearest neighbors graphs from a cell by cell Spearman's correlation matrix with k = 20. Spearman's correlation was calculated from a subset of highly variable genes that were detected in fewer cells than expected given their apparent expression level ([@R54]). For the marker gene selection step only, molecular counts within each column of gene by cell expression matrices were normalized to sum to one. Genes were then ordered by their mean normalized value in the population and placed into bins of 50 genes. A gene's detection frequency was calculated as the fraction of cells in which at least one molecule of a gene was detected, and its score was defined as the maximum detection frequency in its bin minus its detection frequency. Genes with scores greater than 0.15 were considered markers, and were used to compute Spearman's correlation. Clustering was performed on the resulting k-nearest neighbors graph using Phenograph ([@R29]), a modularity-based clustering algorithm that produces robust clusterings on scRNA-seq data ([@R56]). Markers were re-selected for all subsequent sub-clusterings. Cluster specificity of each gene was measured using a binomial specificity test ([@R56]). The second replicates were clustered separately using the same settings as above to identify major cell types, their subclusters and cell compositions. All major cell clusters as well as subclusters were identified in the second replicates except Astro.4. The cell subclusters with the same identifying markers but that formed separate clusters were combined to maintain the compositional structure. SCDE analysis was used to identify differentially expressed genes across four astrocyte comparisons ([@R25]).

### Visualization of Single Cell Data {#S23}

The similarity matrix described above was converted to a distance matrix, and used as input to tSNE for initial visualization ([@R66]). To visualize k-nearest neighbors graphs more directly and such that visualized distance was meaningful, we used force-directed graphs. Briefly, force-directed graphs model a k-nearest neighbors graph as a physical system with electrical and/or spring potentials between nodes, and visualize the system by minimizing its potential energy ([@R18]). Force-directed graph-based methods have previously been used to examine lineage relationships in single cell data ([@R69]). Layouts were generated from k-nearest neighbors graphs using the *draw_networkx* and *spring_layout* commands in the NetworkX v1.11 Python module with default parameters. All tSNE visualizations and force-directed graphs, differential expression analyses and gene expression plots from Figures [1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, and [5](#F5){ref-type="fig"} were prepared using the larger first replicate dataset and the second replicate dataset was exclusively used for cell composition analysis.

### Cell Filtering {#S24}

Red blood cells (RBC) and doublets were removed after the initial clustering. Doublets were marked by significant expression of canonical markers for more than one cell type (e.g., Astrocyte-Oligodendrocytes, Astrocyte-Microglia) and formed separate clusters. To mitigate any effect these RBC and doublet populations might have had on the initial marker gene selection or clustering and to verify that no large clusters of doublets remained, data was re-clustered as described above without them. The second and/or third round of clustering revealed additional putative doublets expressing mature oligodendrocyte and aNSC-NB markers, and astrocyte and endothelial cell markers. As we were not able to validate such cells in the V-SVZ, they were also excluded from subsequent analysis (*data not shown*). In total, the putative doublets constituted cell barcodes \~7% of cell barcodes, in line with 4% doublets predicted by Poisson statistics (\~70% bead loading efficiency). A small number of choroid plexus cells (4.5%) were detected in one of the four second replicate samples, and formed a separate cluster marked by high enrichment of *Sostdc1*, *Kl*, *Wfdc2* and *Ttr*. This cluster was also excluded from downstream analyses and highly cross-talked marker *Ttr* in that sample was also removed from the expression matrix to improve clustering. The cell filtering resulted in the following cell numbers in each sample; Replicate 1: male lateral = 6649 cells, female lateral = 8676 cells, male septal = 4193 cells, female septal = 8889 cells; Replicate 2: male lateral = 1716 cells, female lateral = 3217 cells, male septal = 4897 cells, female septal = 3225 cells.

### Gene Set Enrichment Analysis {#S25}

To test for enrichment or depletion of previously reported gene sets, we first computed the average expression level of each gene in each cluster of cells identified using Phenograph (see above). Here, we defined the expression level as the number of UMI-corrected reads (molecules) for a specific gene divided by the total number of molecules detected in each cell. We then z-scored the log2-transformed the average expression level of each gene in each cluster, and used the z-scores to produce a ranked list for each cluster. GSEA was conducted for each gene set against each ranked list using the Java implementation (GSEA v2.2.2) available from <http://software.broadinstitute.org/gsea/login.jsp> and the following command: java -cp gsea2--2.2.2.jar -Xmx2512m xtools.gsea.GseaPreranked -gmx GMT_FILE_NAME -collapse false -mode Max_probe -norm meandiv -nperm 1001 -rnk RANK_FILE_NAME -scoring_scheme classic -rpt_label REPORT_FILE_NAME -include_only_symbols true -make_sets true -plot_top_x 20 -rnd_seed timestamp -set_max 6000 -set_min 15 -zip_report false -out . -gui false

C5 collection (Broad Institute) is utilized to identify GO biological processes, cellular components and molecular functions differentially regulated in four astrocyte comparisons ([Figure 2C](#F2){ref-type="fig"}). SCDE output ([Table S3](#SD4){ref-type="supplementary-material"}) were pre-ranked based on effect size and inputted to Gsea with the following parameters: scoring_scheme: classic set_max: 500 set_min: 15 nperm: 1000

### Transcription Factor Co-Expression Analysis {#S26}

To assess co-expression and mutual exclusivity of TFs (GO Term: DNA binding transcription factor activity), we identified TFs with significant expression among cells (detected in \> 80 cells) in the analyzed population. Homeo-domain containing, transcription cofactor *Hopx* was manually added to the original TF lists as it has highly regionalized expression. For each pair of TFs, we computed the log-transformed ratio of the joint probability of detecting the two TFs in the same cell to the product of their marginal detection probabilities: $$R = \text{log}_{2}\frac{P(i,j)}{P(i)P(j)}$$ Positive values of *R* indicate co-expression, and negative values indicate mutual exclusivity beyond what would be expected by chance. To display this analysis, we converted the matrix of *R* values to a Pearson correlation matrix and hierarchically clustered using the average linkage method. Significant clusters formed by these TFs were isolated using R (version 3) function *pvclust()*, which uses bootstrap resampling to compute p values (nboot = 2000). TFs forming significant clusters (alpha = 0.95) were defined as a TF module ([Figure S5](#SD1){ref-type="supplementary-material"}; [Table S4](#SD5){ref-type="supplementary-material"}).

### TF Module Visualization {#S27}

To examine gradations of TF module expression in individual cells, we defined a cell's neighborhood expression to be the sum of its expression with that of its k-nearest neighbors, and normalized each neighborhood expression profile to sum to the median number of molecules per neighborhood. A similar smoothing method was proposed in a recent study ([@R68]). A TF module's expression was then calculated as the mean expression of its genes in the neighborhood and visualized on force-directed graphs (see above). Normalizing each cell's expression prior to calculating neighborhood expression or weighting the neighborhood sum so that the central cell made the greatest contribution yielded similar results.

### Lineage Correlation Analysis {#S28}

We use the Spearman's correlation coefficients computed on a set of highly variable genes as described above to compare individual astrocytes to aNSC1 cells and OPCs (NPC and OPC, respectively). For each astrocyte, we computed the average over all pairwise correlations with aNSC1 cells and over all pairwise correlations with OPCs, yielding two correlation values for each cell. To identify markers of lineage potential, we computed the Spearman's correlation coefficient between the normalized expression of each gene across astrocytes and the Spearman's correlation coefficient with either NPCs or OPCs across astrocytes. These analyses were used to generate [Figures 5A, 5B, and 5D](#F5){ref-type="fig"}.

### Statistical Analysis of Immunostaining Data {#S29}

Statistical details of experiments can be found in the figure legends. Data are presented as mean values ± standard error of the mean (SEM). n represents the number of evaluated animals. For quantification of immunostaining, four sections at different rostral/caudal levels from each animal were counted, from three males and three females. Cells throughout the entire dorsal-ventral extent of V-SVZ on both the lateral and septal walls were quantified using Fiji software ([@R55]). Data are presented as percentage of overall number of DAPI+ cells in each wall of the V-SVZ, or as cells/mm^2^. For Iba1 quantification, multipolar microglia were classified as "ramified" and round and unipolar microglia as "unramified." Two-way statistical comparisons were conducted by two-tailed unpaired Student's test.

DATA AND SOFTWARE AVAILABILITY {#S30}
------------------------------

The accession number for the sequencing data reported in this paper is GEO: GSE109447.
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![Large-Scale scRNA-Seq Reveals Major Cell Types in the V-SVZ\
(A) (Left) Schema of adult mouse brain showing location of the lateral ventricles (light blue, LV). Plane indicates level of coronal schema (below left) highlighting location of lateral wall V-SVZ (LW, red) adjacent to the striatum and septal wall V-SVZ (SW, blue) adjacent to the septum. Whole mounts of the entire LW (red) and SW (blue) were dissected from adult male and female mice, dissociated to single cells, and loaded onto a microwell-array-based platform. (Right) Workflow of single-cell capture and RT in microwell-array-based platform. Drop-seq beads and calcein-AM-stained V-SVZ cells were imaged to check for lysis efficiency during RNA capture step. (Top right) Bright-field image of cell- and bead-loaded microwells is shown. (Bottom right) Fluorescent image of lysed V-SVZ cells is shown.\
(B) t-SNE projections of major cell types. Color-coding corresponds to cell types shown in (C). T cells are midnight blue. (Right) Individual samples are highlighted in blue on the combined dataset background (gray). Note that astrocytes comprise two large astrocyte clusters (Astrocyte A and Astrocyte B), which have been grouped in the t-SNE plot (black; see [Figure S1](#SD1){ref-type="supplementary-material"}). All t-SNE visualizations were prepared using the larger first replicate dataset (see [STAR Methods](#S10){ref-type="sec"} for details).\
(C) Violin plots showing log-transformed CPM (count per million) values of pervasive and known cell type markers (fold change \[FC\] \> 2; false discovery rate \[FDR\] \< 0.05). Black circles indicate numbers of cells in each major cell type cluster.\
(D) Scaled expression of key markers on t-SNEs (one marker per cell type except *Lockd* and *Igfbpl1* for aNSC+TAC+NB).\
(E) Violin plots showing pervasive markers for subtypes of microglia, neurons, endothelial cells, mural cells, and fibroblasts. (FDR \< 0.05). vSMC, vascular smooth muscle cell.\
See also [Figure S1](#SD1){ref-type="supplementary-material"} and [Table S1](#SD2){ref-type="supplementary-material"}.](nihms-1518264-f0002){#F1}

![Molecular Characterization of Astrocyte Clusters\
(A) t-SNE projections of five major astrocyte subclusters and ependymal cells and their distribution in different samples.\
(B) Heatmap (scaled by row) showing average expression of markers, including TFs and subtype identifiers (FDR \< 0.05). The fraction of each subtype is represented with circles (gray, mean; black, mean + SD; two biological replicates). Red box indicates regional enrichment. Astro.4 was not detected in the second replicate due to the lack of subcluster-specific markers, and therefore, black circle was not drawn. LW, lateral wall; SW, septal wall.\
(C) GSEA showing significantly regulated molecular processes relevant to V-SVZ NSC biology across four comparisons. NES, normalized enrichment score.\
(D) Schema showing coronal section of lateral ventricle and location of RNAscope images in (E)--(J).\
(E--J) RNAscope images, with and without DAPI, of (E) *Ascl1* (red) and *Crym* (green), *Notum* (red) in the (F) dorso-lateral V-SVZ and (G) ventral V-SVZ, (H) *S100a6* (red), (I) *Hopx* (red), and (J) *Zic1* (green) and *Zic2* (red). DAPI is in blue.\
See also [Figure S3](#SD1){ref-type="supplementary-material"} and [Tables S2](#SD3){ref-type="supplementary-material"} and [S3](#SD4){ref-type="supplementary-material"}. Scale bars: 50 μm.](nihms-1518264-f0003){#F2}

![Adult V-SVZ Neuronal Lineage and Temporal Regulatory Steps\
(A) Force-directed graphs showing the lineage progression from dormant astrocytes to NBs and a schematic summary.\
(B) Fraction of each cell type represented by circles (gray, mean; black, mean + SD; two biological replicates). The compositions of aNSC1, aNSC2+TAC, and NB populations were extracted from combined clustering of neuronal progenitors from two biological replicates.\
(C) Heatmap (scaled by row) showing average expression of functional markers (FDR \< 0.05) in different neuronal progenitor subtypes.\
(D) Representative images of doublecortin (DCX) immunostaining at different rostro-caudal levels of the V-SVZ (level 1, bregma +1.41 mm; level 2, bregma +0.73 mm). Scale bar, 50 μm.\
(E) Quantification of DCX+ cell proportions at different rostro-caudal levels of the V-SVZ (n = 3; mean + SEM) (p \< 0.05). Level 3, bregma +0.1 mm.\
(F) (Left) Heatmap showing correlation matrix for significant TF modules. Both axes show TFs with the same dimensionality. The correlation between the same TF was set to 0 for visualization purposes. (Right) Significant TF clusters ([Figure S5A](#SD1){ref-type="supplementary-material"}; [Table S4](#SD5){ref-type="supplementary-material"}) were ordered based on their dispersion on force-directed graphs. The average expressions of TF modules in each cell were plotted on force-directed graphs. Modules with distinct expression patterns were separated with white lines in the heatmap. Representative TFs from different modules are shown in the panel, and TFs associated with previously undescribed co-expression patterns in each module are highlighted in bold.\
See also [Figure S5](#SD1){ref-type="supplementary-material"} and [Tables S2](#SD3){ref-type="supplementary-material"} and [S4](#SD5){ref-type="supplementary-material"}.](nihms-1518264-f0004){#F3}

![Regional and Sex Differences in Oligodendrocyte Lineage\
(A) Force-directed graphs showing oligodendrocyte lineage progression from OPCs to MOLs (MOL, mature oligodendrocytes; NFOL/MFOL, newly formed and myelin-forming oligodendrocytes) in four samples and a schematic summary of the lineage differentiation order.\
(B) The fraction of each cell type in different samples is represented with circles (gray, mean; black, mean + SD; two biological replicates). Red box indicates regional enrichment and blue box indicates both regional and sex-specific enrichment.\
(C) Quantification of NG2+ soma demonstrating sex- and region-specific differences in OPC density (%NG2/DAPI; p \< 0.05; n = 3; mean + SEM). Note fibers were not quantified.\
(D) Representative images of NG2 immunostainings in the V-SVZ from male and female mice. Scale bar: 50 μm.\
(E) Force-directed graphs with both neuronal and oligodendrocyte lineages and a schematic summary of the differentiation order and branching point of these lineages. See also [Figure S4D](#SD1){ref-type="supplementary-material"} and [Video S1](#SD7){ref-type="supplementary-material"}.\
(F) (Left) Heatmap showing correlation matrix for significant TF modules. Both axes show TFs with the same dimensionality. The correlation between the same TF was set to 0 for visualization purposes. (Right) Significant TF clusters ([Figure S5B](#SD1){ref-type="supplementary-material"}; [Table S4](#SD5){ref-type="supplementary-material"}) were ordered based on their dispersion on force-directed graphs.\
The average expressions of TF modules in each cell were plotted on force-directed graphs. Modules with distinct expression patterns were separated with white lines in the heatmap. Representative TFs from different modules are shown in the panel, and TFs associated with previously undescribed co-expression patterns in each module are highlighted in bold.\
See also [Figure S5](#SD1){ref-type="supplementary-material"} and [Table S4](#SD5){ref-type="supplementary-material"}.](nihms-1518264-f0005){#F4}

![Functional Classification of Non-dividing V-SVZ Stem Cells and Their Spatial Organization\
(A) (Left) Individual cells were colored based on their *Z*-scored correlation values (red, NPC-correlated; blue, OPC-correlated; purple, correlated with both NPCs and OPCs) and plotted on t-SNE projections in each sample. (Right) The average *Z* scores of cells per cluster in each region. The circle plots are the same as those shown in [Figure 2B](#F2){ref-type="fig"}.\
(B) Scatterplot showing the correlation between each gene and NPCs or OPCs. Highly correlated genes are labeled in green and anti-correlated genes in black.\
(C) *In situ* hybridization (ISH) data from Allen Mouse Brain Atlas (coronal sections) showing spatial distribution of selected NPC and/or OPC-correlated astrocyte markers at three different rostro-caudal levels and the scaled expression of each gene on t-SNEs (green, correlated genes; black, anti-correlated genes).\
(D) Heatmap of gene correlation values for the top hundred positively correlated genes with highest variability across four samples and the boxplots showing the data distribution. Genes with high regional and sex differences are highlighted.\
See also [Figure S5](#SD1){ref-type="supplementary-material"} and [Table S5](#SD6){ref-type="supplementary-material"}.](nihms-1518264-f0006){#F5}

###### 

KEY RESOURCES TABLE

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  REAGENT or RESOURCE                                    SOURCE                     IDENTIFIER
  ------------------------------------------------------ -------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------
  Antibodies                                                                        

  Rabbit polyclonal anti-NG2                             Merck                      Cat\#5320; RRID:AB_11213678

  Rabbit polyclonal anti-Iba1                            Wako                       Cat\#019--19741; RRID:AB_839504

  Rabbit polyclonal anti-Ki67                            Abcam                      Cat\#ab15580; RRID:AB_443209

  Goat polyclonal anti-DCX                               Santa Cruz Biotechnology   Cat\#sc8066; RRID:AB_2088494

  Chemicals, Peptides, and Recombinant Proteins                                     

  Papain                                                 Worthington                Cat\#LS003119

  PIPES                                                  Sigma                      Cat\#P1851

  Ovomucoid                                              Worthington                Cat\#LS003087

  Percoll                                                Sigma                      Cat\#P1644

  Calcein AM                                             Invitrogen                 Cat\#C3100MP

  2-Mercaptoethanol                                      Fisher Scientific          Cat\#BP176--100

  Critical Commercial Assays                                                        

  Nextera XT DNA Library Preparation Kit                 Illumina                   Cat\#FC-131--1024

  Qubit dsDNA HS Assay Kit                               ThermoFisher               Cat\#Q32854

  High Sensitivity DNA chips kit                         Agilent Technologies       Cat\#5067--4626

  NextSeq 500/550 High Output v2 kit (75 cycles)         Illumina                   Cat\#FC-404--2005

  Deposited Data                                                                    

  Raw and processed data                                 This manuscript            GEO: GSE109447

  Experimental Models: Organisms/Strains                                            

  Mouse: RjOrl:SWISS                                     JANVIER LABS               RjOrl:SWISS

  Mouse: B6.Cg-Tg(GFAP-cre/ERT2)505Fmv/J                 The Jackson Laboratory     JAX: 012849

  Mouse: B6;129S6-*Gt(ROSA)26Sortm14(CAG-tdTomato)Hze*   The Jackson Laboratory     JAX: 007908

  Oligonucleotides                                                                  

  Template Switching Oligonucleotide AAGCAGTGGTATCA\     [@R34]                     IDT
  ACGCAGAGTGAAT rGrGrG                                                              

  Software and Algorithms                                                           

  Phenograph                                             [@R29]                     <https://github.com/jacoblevine/PhenoGraph>

  Force-directed graphs                                  [@R69]                     <https://github.com/AllonKleinLab/SPRING/>

  t- distributed stochastic neighbor embedding (t-SNE)   [@R66]                     <https://lvdmaaten.github.io/tsne/>

  Rstudio                                                                           [https://www.rstudio.com](https://www.rstudio.com/)

  Gene Set Enrichment Analysis                           [@R61]                     [http://software.broadinstitute.org/gsea/](http://software.broadinstitute.org/gsea/index.jsp)[index.jsp](http://software.broadinstitute.org/gsea/index.jsp)

  SCDE                                                   [@R25]                     <http://hms-dbmi.github.io/scde/>

  Other                                                                             

  DNase I                                                Worthington                Cat\#LS002139

  Drop-seq beads                                         ChemGenes                  Cat\#MACOSKO-2011--10

  Maxima H Minus Reverse Transcriptase                   ThermoFisher               Cat\#EP0752

  Exo-I                                                  New England Biolabs        Cat\# M0293L

  SUPERaseIN                                             ThermoFisher               Cat\#AM2696

  KAPA HotStart ReadyMix                                 Kapabiosystems             Cat\#KK2602

  Ampure XP beads                                        Beckman Coulter            Cat\#A63881

  Buffer TCL                                             QIAGEN                     Cat\#1031576

  Red Blood Cell Lysing Buffer Hybri-Max                 Sigma                      Cat\# R7757

  RNAscope Probe- Mm-Ascl1                               ACDBio                     Cat No. 313291

  RNAscope Probe - Mm-Crym-C3                            ACDBio                     Cat No. 466131-C3

  RNAscope Probe - Mm-Hopx                               ACDBio                     Cat No. 405161

  RNAscope Probe - Mm-Notum                              ACDBio                     Cat No. 428981

  RNAscope Probe - Mm-S100a6                             ACDBio                     Cat No. 412981

  RNAscope Probe - Mm-Zic1-C3                            ACDBio                     Cat No. 493121-C3

  RNAscope Probe - Mm-Zic2                               ACDBio                     Cat No. 428211

  RNAscope Protease III & Protease IV Reagents           ACDBio                     Cat No. 322340

  RNAscope Fluorescent Multiplex Reagent Kit             ACDBio                     Cat No. 320850

  RNAscope Wash Buffer Reagents                          ACDBio                     Cat No. 310091
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### Highlights

-   Single-cell transcriptomics of \>41,000 cells from adult V-SVZ neural stem cell niche

-   Regional and sex differences in lateral and septal adult V-SVZ in males and females

-   Identify transcription factor co-expression modules and lineage potency markers

-   Regional biases for neuronal and oligodendrocyte lineages in the adult V-SVZ
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